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This article presents a dynamic spatial model of the development of a charging infrastructure 
for electric vehicles in the German metropolitan region of Stuttgart. The model consists of several 
sub-models whose functioning and interactions are explained in detail. The first sub-model 
simulates the time-spatial development of electric vehicle ownership. The output of this module 
is used by the second component that determines the resulting demand for charging stations. To 
quantify this demand, the necessary utilisation of charging stations to allow for the profitability 
of the infrastructure is calculated. A final processing step simulates the mobility of EVs 
throughout the Region Stuttgart, and thus allows allocating the need for charging stations in 
space. We used our model to generate several scenarios of the development of a charging 
infrastructure in the Region Stuttgart until 2020.  
The main finding of this work is that the number of public charging stations needed for the 
region in the long run is quite low. If too many charging stations are installed the infrastructure 
will be under-utilized and thus cannot be operated economically. The simulation runs show that 
the installation of public charging infrastructure should be focused on the few biggest urban 
centres of the region. The scenarios also show that publicly accessible charging stations form only 
a minor part of the overall number of charging stations. Additionally, it can be seen that the 
exponential growth of electric vehicle ownership, with very few vehicles at the beginning, but 
large gains after a few years, requires high flexibility from stakeholders involved in the 
implementation of charging infrastructure for electric vehicles.   
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1. Introduction 
Concerns about global warming and the scarcity of fossil fuels have resulted in a rising interest in 
electric vehicle (EV) technology over the last years. EVs are seen as an opportunity to reduce 
carbon dioxide emissions, and lower the consumption of fossil fuels. They are also considered as 
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an important element for future smart grids development, and their manufacturing is seen as a 
chance to create green jobs. Therefore, developed nations all over the world have mapped out 
plans to introduce high numbers of EVs into their national car fleets. The German government 
has set up the goal of having 1 million EVs on German roads by 2020 (Bundesregierung der 
Bundesrepublik Deutschland, 2009). The governments of the U.S., France, U.K., Japan, China and 
further countries have set up similarly ambitious targets. As a first step to reaching these goals, 
numerous EV pilot projects are currently taking place in cities and regions worldwide. One main 
shortcoming of EVs today is their limited range, which can be below 100 km during everyday use 
(Priemer, 2010). In order to overcome this limitation, charging stations (CSs) are needed to extend 
the driving range and comfort the users. Within the pilot regions charging stations are currently 
installed at private and publicly accessible locations. The Region Stuttgart is one such electro 
mobility pilot region in Germany (Wirtschaftsförderung Region Stuttgart GmbH, 2010), which 
encompasses 3,654 million square km. 2.67 million people live in 179 municipalities. 
The research question underlying the work presented in this paper is: If the target of 1 million EVs 
in Germany by 2020 is met, how should a corresponding charging infrastructure for EVs be implemented 
in the Region Stuttgart in the years to 2020? The results should be in form of time-spatial scenarios, 
showing the number of installed charging stations in municipalities of the region for each year.  
Planning such a charging infrastructure for electric vehicles in cities and regions poses a new 
challenge for infrastructure developers and urban planners. Several publications already treat the 
planning of charging infrastructure as a static location planning problem. It is analysed where 
CSs should optimally be placed in geographic space. The used methods include analyses in a 
geographic information systems (Schirmer et al., 1996; Hanna, 2001), modelling the market areas 
of CSs by Voronoi diagrams (Koyanagi et al., 2001), modelling location choice as integer linear 
problems  (Wang, 2007; Wang, 2008; Wang and Lin, 2009, Dashora et al., 2010), and treatment as a 
clustering problem (Ip et al., 2010). These methods do not consider a temporal development of the 
infrastructure however. They also seem more suitable to generate infrastructure plans on a fine 
geographic scale for individual cities or city quarters not for bigger regions, and thus were 
inappropriate for our case study. 
Koyanagi and Yokohama (2010) present a method of prioritisation among a given set of 
candidate locations. Such an approach could be modified to introduce a temporal dimension into 
static location planning methods, such as those mentioned above.  
Publications explicitly considering the temporal, dynamic aspect of EV charging infrastructure 
development stem mainly from research on the diffusion of new vehicle technologies. Struben 
(2006) and Struben and Sterman (2008) present a sophisticated system dynamics model of the 
diffusion of alternative drive train technologies and their corresponding refuelling infrastructure. 
The model is spatially disaggregated to calculate vehicle ownership and infrastructure 
availability in different parts of the state of California. These models were constructed to analyse 
the complex interactions of different policies and technology innovations on the diffusion of 
competing vehicle technologies, such as hybrid vehicles, hydrogen fuel cell vehicles and natural 
compressed gas vehicles. Thus these models did not seem suitable to us for efficiently simulating 
a development of charging infrastructure for EVs in a concrete case study. 8) 
The model presented by Struben (2006) has been applied and extended specifically to EVs and 
their infrastructure by Feller and Stephan (2009), and Kearney (2011). Kearney focuses on policies 
and economic questions around EV charging infrastructure, with no consideration of spatial 
distribution. Feller and Stephan also model the infrastructure in space. A weakness of these 
models is that concepts for the refuelling with conventional gasoline and alternative fuels 
(hydrogen, gas, etc.) are applied to the recharging of electric vehicles. Feller and Stephan assume 
charging stations with ultra-high charging speeds of 120 kWh/h and 480 kWh/h, which operate 
EJTIR 12(4), 2012, pp. 391-416 
Wirges, Linder, and Kessler 
Modelling the Development of a Regional Charging Infrastructure  
for Electric Vehicles in Time and Space 
 
393
like gasoline stations today. Kearney also uses the model introduced by Struben (2006), in which 
EVs wait in a queue for their turn to recharge.  
But the charging of EVs takes place in a fundamentally different way to conventional gasoline 
refuelling. Electric vehicles are charged for longer durations during parking, at charging powers 
in the scale of 3.6, 22 or 44 kW (Nationale Plattform Elektromobilität, 2010) Furthermore electric 
vehicles recharge much more often, at intervals in the scale of 100-150 km (Priemer, 2010). Also, 
electric vehicles do not depend on publicly accessible charging infrastructure, as they can 
conveniently be recharged at home. These differences are also the reason why concepts cannot be 
easily transferred from publications dealing with the implementation of a refuelling 
infrastructure for hydrogen vehicles (Lin et al., 2008;  Nicholas, 2004) to the planning of a 
charging infrastructure for EVs.  
Further publications also present alternative system dynamics models of EV diffusion and 
associated development of charging infrastructure (Wansart and Schnieder, 2010; Yamashita et 
al., 2011). These two models do not contain any geographical aspect however.  
Several documents from a political context already contain plans for the long-term development 
of charging infrastructure for areas of different sizes. For instance, London’s Electric Vehicle 
Infrastructure Strategy is a plan for the long-term rollout of infrastructure in the city (Mayor of 
London, 2009; Mayor of London, 2009a). Another example of such a political infrastructure plan 
is the one being laid out for France. The National Working Group on Charging Infrastructure for 
Electric and Plug-In Hybrid Vehicles in France has developed a long-term vision of the national 
(PH-)EV stock and necessary charging infrastructure (Groupe de Travail sur les Infrastructures 
de Recharge, 2009). However, these reports do not state how the presented total number of 
charging stations, their distribution and the scheduling of their installation were determined. In 
April 2011, the French government has issued a handbook on public charging infrastructure for 
electric vehicles (Negre and Legrand, 2011). The document contains an example calculation for 
the demand for charging stations in the year 2015 in the city of Rouen. In this calculation, the 
evolution of the EV fleet is assumed to take place according to the French government’s 
envisioned targets. The need for public charging infrastructure is then determined taking the 
number of EVs, overall demand at peak time, and the geographic distribution of demand into 
account. 
Because the methods presented in the articles above did not seem suitable for our case study, we 
developed our own straight-forward model of infrastructure development for electric vehicles in 
a region. For our purposes, we wanted a model which put the main emphasis on the 
development of the infrastructure, and not on the simulation of policies. Our goal was to 
efficiently generate realistic time-spatial scenarios of EV infrastructure in the given Region of 
Stuttgart based on available spatial data on sociodemographics, land-use and mobility. 
This article is structured as follows: First, we explain the basic assumptions and general structure 
of our model (Section 2). Then we present the main components of the model: the time-spatial 
model of EV ownership (Section 3), and the corresponding time-spatial model of EV 
infrastructure development (Section 4). The results of scenario calculations for the Region 
Stuttgart are then shown in Section 5. General conclusions from the scenario results are drawn in 
Section 6. Finally, possible extensions and refinements of the model are discussed in Section 7.  
2. Basic assumptions and structure of the model 
The conditions under which charging infrastructure is planned and developed varies from 
country to country and from region to region. In the following, we explain which frame 
conditions we assume to hold for such a development for our case. These frame conditions 
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determine the way in which we model the development of the infrastructure. We will also 
present an overview of the model and its main components in this section. 
The following frame conditions are assumed to hold for the development of a charging 
infrastructure in the Region Stuttgart until 2020:  
• We assume that the target stated by the Germany government of 1 million electric vehicles in 
Germany by 2020 (Bundesregierung der Bundesrepublik Deutschland, 2009) will be reached. 
This would mean that about 35,000 electric vehicles are owned in the Region Stuttgart in 
2020. 
• We assume that there will be no public funding, subsidies, or cross-financing for public 
charging infrastructure. The public charging infrastructure will be installed and operated by 
the private sector, and has to refinance itself by user fees alone. This corresponds to the 
current political practice in Germany (Bundesregierung der Bundesrepublik Deutschland, 
2011).  
• Concerning charging technology, we assume that conductive charging (via plug) will be 
used. We do not consider inductive charging or battery swapping here. This is in line with 
the outlook given by the German National Platform Electro-Mobility (Nationale Plattform 
Elektromobilität, 2010).   
• At an organisational level, we assume that a coordinated planning and installation of public 
charging infrastructure will take place in the region. It is to be expected that the biggest 
electric utility in the Region Stuttgart, the EnBW AG is will play a key role in the 
development of public charging infrastructure.  
 
 
 
Figure 1.  General structure of the model 
 
We developed our model within this framework of basic assumptions. Figure 1 shows how the 
model is structured. Model component 1 simulates the time-spatial development of EV 
ownership. How this sub-model is constructed is explained in Section 3. In component 2, the 
minimum utilisation of public charging stations to assure the refinancing of the infrastructure is 
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calculated (see Section 4.2). Using the results of this calculation, as well as assumptions on the 
charging behaviour of EV drivers, quotas of charging stations per electric vehicle are calculated 
in model component 3 (see Sections 4.1 and 4.3). Model component 4 allocates the charging 
stations in space using a basic mobility model (see Section 4.4). The development of the numbers 
of CSs, as well as their spatial allocation is the result: the time-spatial development of charging 
infrastructure.  
It should be noted that we only model the development of charging infrastructure as dependent 
on the development of EV ownership. We assume the diffusion of EVs as given by the German 
government’s targets, and want to know how a corresponding charging infrastructure should be 
implemented. The inverse dependency of the diffusion of alternative drive train vehicles on 
infrastructure availability is modelled and analysed in more detail in other papers, for instance 
those by Struben (2006), and Struben and Sterman (2008).  
3.  Modelling the time-spatial development of EV ownership 
In order to simulate the development of a charging infrastructure, it is first necessary to 
determine how the number of EVs might evolve over time. Several publications have already 
treated this diffusion of electric vehicle technology. Many of these studies originate from the 
USA, especially from California. EVs are usually considered as only one alternative for clean 
drive technologies, alongside hybrid electric vehicles (HEV) and plug-in hybrid electric vehicles 
(PHEV). Household surveys and expert interviews have been conducted to estimate the future 
market development of these technologies (Brownstone et al., 1994; Leiby and Rubin, 2004). 
Other studies use a modelling approach to generate scenarios of the market penetration of EVs 
(Cao, 2004; Becker et al., 2009; Sullivan et al., 2009). These models build on the generic Bass 
Model of the diffusion of innovations (Bass, 1969). The presented results differ substantially, 
depending on the assumptions of each model and scenario. This is shown in a meta-study on 
such market forecasts done by Hacker et al. (2009). For the year 2020, the forecast market 
penetration for EVs lies in a range from 1 to 25 %, and for the year 2050 from 10 to 90 %. The 
situation in Germany is modelled by Feller and Stephan (2009). The scenarios show a market 
penetration of EVs of 7 to 9 % in 2020 and 45 % in the year 2030. This model was constructed on 
the scale of regions for the entirety of Germany. Another publication which treats the diffusion of 
vehicle technology as a spatial process is by Shinohara and Okuda  (2010). In this publication, the 
diffusion of hybrid vehicles is modelled as a process which starts in the biggest cities of Japan, 
and then spreads across the country. 
To build our own spatially detailed model of the diffusion of EVs in the German metropolitan 
region of Stuttgart, we proceeded in this way: First, we identified different socio-demographic 
categories of potential “Early Adopters” of EVs. The number of households falling into these 
categories was determined for each municipality of the region. The diffusion process was then 
simulated by using a Bass diffusion model for each adopter group in each municipality.  
Our model of the time-spatial development of EV ownership in the Region Stuttgart, along with 
selected scenario results was already published (Linder and Wirges, 2011). Therefore we present 
this model in concise form here.  
3.1.   Categories of Early Adopters of EVs 
Based on the results of the above mentioned articles, as well as on data on social mobility profiles 
(Follmer et al., 2008), and on the general theory of diffusion of innovations (Rogers, 2003), four 
types of potential Early Adopters of EVs were constructed: 
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The urban trend-setter 
This category of Early Adopter consists of young persons between 18 and 35 years old, living in a 
single or couple household, with a high education level and high income. Such young, well-
educated persons can be assumed to have a greater interest in new technologies than the average 
population, and are more capable of adapting to innovations. 
The multiple-car family 
This type of Early Adopter describes family households owning at least two cars and living in 
detached or semi-detached houses, with an own garage. The household has a high average 
income, and a high level of education. For this type, it can be assumed that the first car is used for 
long distance commuting and travels, while the second car is mainly used for everyday errands 
like shopping, or picking the children up from school. Thus, the second car could be replaced by 
an EV.  
The dynamic senior citizen 
This group of Early Adopters consists of people between the age of 60 and 75, living in detached 
or semi- detached housing, and owning high capital. The demographic development in the 
industrial nations will result in an increase in the number of elder people in the next years. 
However, the elderly of today and the future stay more mobile than those of previous 
generations (INFAS and Öko Institut e.v., 2009). 
The innovative fleet manager 
Especially those enterprises can be expected to adopt EVs in an early stage, which want to convey 
an innovative and environmentally friendly image. A comparison of current projects on the use 
of EVs in business fleets shows that Early Adopter enterprises can be expected to mainly be 
active in the domains of electric utilities, municipal services, social services, city-logistics, 
passenger transportation, telecommunication and other infrastructure services (Chavis et al. 2009; 
Groupe la Poste 2009; Mayor of London 2009a). 
Table 1. Variables used to calculate the number of Early Adopters in the municipalities 
Early Adopter  
category 
 
Urban trend-setter Multiple-car 
familiy 
Dynamic senior 
citizens 
Innovative fleet 
manager (fleet 
vehicles) 
 
Variables used for 
calculation of           
# households, 
# fleet vehicles 
Share of people 18-
35 years old 
 
Share of single- and 
couple households 
 
Share of people 
with university 
degree 
Share of family 
households 
 
Share of (semi-) 
detached houses 
 
Share of people 
with university 
degree 
Share of people 60-
75 years old 
 
Share of couple 
households 
 
Share of (semi-) 
detached houses 
Share of business 
vehicles used by 
enterprises in an 
innovative domain 
(as described above) 
 
The approximate number of these Early Adopter households and fleet vehicles in Early Adopter 
businesses in the municipalities of the Region Stuttgart were calculated by using data from the 
statistical office of Baden-Württemberg (Statistisches Landesamt Baden-Württemberg, 2011), geo-
referenced household and building stock data from Infas (infas, 2011), and data on vehicle 
ownership from the Kraftfahrt-Bundesamt (Kraftfahrt-Bundesamt, 2009; Kraftfahrt-Bundesamt, 
EJTIR 12(4), 2012, pp. 391-416 
Wirges, Linder, and Kessler 
Modelling the Development of a Regional Charging Infrastructure  
for Electric Vehicles in Time and Space 
 
397
2010). This data consisted of the number of households and fleet vehicles, as well as different 
distributions (age, educational background, household type, house type, business type) for each 
municipality. The variables used for characterizing each category of Early Adopters are listed in 
Table 1. The total number of households and fleet vehicles of each type for each municipality was 
calculated by multiplying the total number of households or vehicles with the percentages used 
for characterizing the respective group. Because these percentages are not independent of each 
other (for instance, for young people it might be more probable to live in single households than 
for the entire population), and refer to different entities (persons, households, houses), the results 
are only approximate.  
3.2. Using the Bass diffusion model to model the time- spatial diffusion of EVs 
After having identified different categories of Early Adopters, and having located them in space, 
the next step was to build a model for the temporal development of EV ownership of each 
adopter type in each municipality. Next to the identified Early Adopter groups, the remaining 
households, and the remaining business fleet operators (fleet vehicles) were also included as 
groups. The Bass diffusion model (Bass, 1969) was used to model the adoption process for each 
group. This model of the diffusion of innovations is based on the basic idea that the adoption of a 
new product can be caused by two factors. These factors are the persuasion through 
advertisement and positive word-of-mouth from people who have already adopted the product. 
The System Dynamics version of the model according to Sterman  (2000) was used for the 
implementation. In our implementation, the parameter of innovativeness (advertisement 
effectiveness) can be set for each adopter type separately. The diffusion of the innovation by 
word of mouth was modelled as to also take place between different adopter types and 
municipalities (see (Linder and Wirges, 2011) for details). 
 
 
 
Figure 2. Basis scenario of the development of EV ownership in the municipalities of the Region Stuttgart 
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The resulting model was used to generate scenarios of the development of EV ownership in the 
Region Stuttgart. A discussion of different scenarios was already published in (Linder and 
Wirges, 2011). For the work presented in this paper, one baseline scenario of the EV diffusion was 
built on to generate different possibilities of long-term infrastructure development. The scenario 
that is used here is based on targets stated by the German national plan of EV development 
(Bundesregierung der Bundesrepublik Deutschland, 2009). In the scenario there are 35,001 EVs in 
the Region Stuttgart by 2020. Of those, 4,279 (12 %) are owned by urban trendsetters, 3,751 (11 %) 
by multiple-car families, 3,455 (10 %) by dynamic senior citizens, 11,575 (33 %) by other 
households, 7,748 (22 %) by innovative fleet businesses, and 4,193 (12 %) by other fleet 
businesses. The distribution of EV ownership in the different municipalities in the year 2020 is 
displayed in Figure 2. It can be seen that different adopter types live in different parts of the 
region. The urban trend-setters can mainly be found in the central districts of Stuttgart, while the 
multiple-car families live more in the periphery. Operators of fleet vehicles can mainly be found 
in municipalities with large industrial zones.  
4. Modelling the time-spatial development of a charging infrastructure 
The model presented above allows generating scenarios of the time-spatial diffusion of EVs. 
Vehicles are allocated in space according to the places of residence of private owners and 
locations of enterprise fleet managers on municipality level. In the following, we use this 
calculated  time-spatial distribution of EVs to compute a time-spatial distribution of charging 
infrastructure. This is done in two steps: First, we develop a formula which allows calculating the 
demand for a number of CSs created by a given number of EVs. In a second step, this need for 
charging infrastructure is allocated in space according to inter-municipal mobility data.  
4.1. Determining the number of charging stations for a number of EVs 
The easiest way to put a number of EVs in relation to a number of CSs is using quotas, such as, 
for example, “1.5 public CS per EV”. Such ratios can be estimated, or determined via calculations. 
In the following, we discuss quotas for three usage contexts of EV charging equipment: at home, 
at work, and in public locations.  
Charging stations at homes of EV users are linked to private parking spaces. In small German 
municipalities with less than 500 residents, 71 % of car owners have their own garages. Even in 
big municipalities with more than 500,000 residents, 43 % of car owners can use a garage at home 
(Biere et al., 2009). Analyses of the potential Early Adopters of electric vehicles come to the result 
that in the next years, almost only those who can install charging equipment in their own garages 
will buy an electric vehicle (compare above and (Linder and Wirges, 2011)). Thus, for the next 10 
years, quotas of 0.9-1.0 charging stations at home per privately owned electric vehicle seem 
realistic.     
It is also expected, that many big companies will install CSs for their employees. In France, 
providing EV charging facilites for employees might even become obligatory (Ministère de 
l'Ecologie de l'Energie du Développement Durable et de la Mer, 2009). For London, it is planned 
to make the provision of charging infrastructure compulsory for 20 % of parking spaces of all 
new developments (Mayor of London, 2009). In Germany this is probably not going to be the 
case. In the next 10 years quotas in a broad range of 0.1-0.6 charging stations at working locations 
per private EV seem realistic. EVs which are used in company fleets must be provided with a 
charging possibility at the depot. For this usage, a quota close to 1.0 charging stations in depots 
per EV seems plausible. 
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Quotas for publicly accessible charging stations are difficult to estimate directly. In the following, 
we present a formula which allows calculating such a quota from given parameters. The general 
idea of this formula is to set up an energy balance. The amount of energy that is consumed by 
EVs has to correspond to the amount of energy that is drawn from CSs. Losses during recharging 
have to be included into the energy consumption of EV. Our formula is similar to the approach 
taken by Wiederer and Philip (2010). The following formula establishes the energy balance: 
 = 1,2 ∶ 					 ∙ 
 ∙  ∙  =  ∙  ∙ 24ℎ ∙  
 i =1,2 : types of public CSs: normal, fast 
V : number of EVs 
e : energy consumption of an EV (including losses during recharging) [kWh/km] 
d : daily driven distance of an EV [km] 
Ri : percentage of consumed energy recharged at public CS of type i [%] 
Ci : number of public CS of type i 
pi : power of public CS of type i [kW] 
Ui : utilisation of public CS of type i [%] 
The product  ∙ 
 ∙  on the left of the equation stands for the total energy consumed by all EVs on 
one day. Multiplying this by the percentage of public recharging  results in the total energy 
EVs recharge at public charging stations on one day. The product  ∙  ∙ 24ℎ on the right of the 
equation stands for the energy that can be drawn from all public charging stations on one day. 
Multiplying this by the actual utilisation 	results in the total energy that is actually drawn from 
public charging stations on one day. 
Thus, this formula states the obvious: the energy that EVs charge at public charging stations is 
equal to the energy that is drawn from public charging stations. This formula can be converted to 
allow the direct calculation of the requested quotas, if the other parameters are given: 
 = 1,2 ∶ 						 	 = 	 
 ∙  ∙ 24ℎ ∙
 							(1.1) 
The parameters e, d, and pi can be deduced from available data: 
• e : energy consumption of an EV [kWh/km]: measured values of three current EVs on a 
realistic route, including losses during recharging, lie at 21.9, 22.4 and 24.0 kWh/100km 
(Priemer, 2010). For this parameter we calculate with an average value of 22.8 kWh/100km 
which corresponds to 0.228 kWh/km. For vehicles used in business fleets, the energy 
consumption of the electric transporter used in the mobility project in the Region Stuttgart of 
0.46 kWh/km was used. 
• d : daily driven distance of an EV [km]: According to the German mobility panel (Zumkeller 
et al., 2010), cars on average drive 1099 km per month, which corresponds to about 36.1 km 
per day. It can be argued that EVs’ average daily driven distance should be below that of 
conventional vehicles, due to their limited range, the assumed use as a second car, and the 
assumed use by retired people, who tend to travel less kilometres per day (Follmer et al., 
2008). On the other hand it can also be argued that the average driven distance of EV should 
be above the general average. People with higher incomes, who are assumed to be a major 
group among the Early Adopters of EVs, drive significantly longer distances per day (Follmer 
et al., 2004). Mobility surveys also show that diesel cars, which are similar to EVs from an 
economic perspective (higher purchase costs, but lower costs per driven km) are driven for 
longer average distances driven per day (Zumkeller et al., 2010). Because it is currently not 
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possible to assess which of these tendencies dominates, we maintain the average daily driven 
distance of 36.1 km per day, as stated above. Vehicles used in business fleets have higher 
daily kilometres travelled than privately owned cars. They drive average distances of 64.2 
km/day (Wermuth, 2002). 
• pi : charging power of public charging station of type i [kW]: For Germany it can be 
assumed that 3.6 kW charging power will be mainly used at homes and working places. 
Public charging stations will mainly operate with 22 kW charging power, with some 
additional 44 kW fast charging stations (compare Nationale Plattform Elektromobilität, 2010). 
The parameters Ri and Ui, which describe the charging behaviour of EV drivers are much more 
difficult to derive from data currently available. 
• Ri : percentage of consumed energy recharged at charging station of type i [%]: Currently is 
not possible to say with certainty, how high this percentage will be for public charging 
stations, as there do not yet exist enough EVs and public charging facilities. Results from 
ongoing EV pilot projects are not entirely representative, nevertheless they indicate in what 
range this value will lie. In the EV Project, 2,704 residential and 438 publicly available 
charging units were installed by the last quarter of 2011 throughout pilot regions the USA. It 
is reported, that only 3% of recharged energy was drawn from publicly available charging 
facilities (ECOtality North America and Idaho National Laboratory, 2011). In the ChargePoint 
America project, 444 residential, 83 private commercial and 365 public charging were 
installed. Here, 9% of energy was found to be recharged at public charging facilities 
(ChargePoint Network and Idaho National Laboratory, 2011). Other available results back the 
finding, that public EV charging plays only a minor role. In the Cabled project in the U.K. is 
was found that over 85% of charging operations take place at home or at the working place 
(Cabled Project Consortium, 2011). Within the Electro Mobility Region in Munich, Germany it 
was also observed that public charging ranks only third, behind charging at home, and 
charging at the work place (E.ON AG, 2010). During the MINI-E trial in Germany it was 
observed, that only 9% of the charging operations took place during shorter parking 
durations of 2 hours or less, and that 56% of EV drivers had never used public charging 
during the entire trial (BMW Group, 2010). Four our analyses, we assume that only 1-15 % of 
driving energy is drawn from public charging stations. For business fleet vehicles, we assume that 
usage of public charging infrastructure is even lower than for privately owned vehicles, due 
to their circuits being more predictable and better planned. But it can be expected that if such 
vehicles do need to be recharged at a public charging point, fast charging is preferred in 
order to make the vehicle available again much faster. 
• Ui : utilisation of charging stations of type i [%]: This value also depends on the behaviour 
of the EV users, but additionally depends on economic factors. Simple 3.6 kW charging points 
installed at home and work places only cost a few hundred € (Kley et al., 2010), and they are 
usually installed for specific users. Here, the concept of utilisation does not play an important 
role. For charging stations at public locations, which costs several thousands of €, their 
utilisation is important for the cost effectiveness of such an infrastructure. If the available 
charging stations in a city quarter are not used often enough, additional public charging 
infrastructure should not be installed for the time being. In the following Section 4.2, we 
calculate the level of utilisation that is necessary for the amortisation of the costs of such 
public infrastructure.  
It should be noted that the battery capacity or/and driving range of an electric vehicle are not 
needed as parameters in equation 1.1. These factors only play a role indirectly, as they have an 
influence on the recharging behaviour as it is described by parameter . When battery capacity 
and driving range of EVs are bigger, the percentage of energy recharged at public charging 
stations can be expected to be lower.  
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4.2. Calculating minimum utilisation Ui of charging stations for the amortisation of public charging 
station costs 
The formula for calculating quotas of charging stations per EV presented above contains the 
utilisation of charging stations Ui as a parameter. As explained, this parameter depends mainly 
on economic factors. Charging stations should be used often enough to allow the amortisation of 
the investment costs. In the following formula, we deduce the minimum utilisation of charging 
stations from an amortisation calculation. This calculation is not meant to be a detailed investment and 
profitability analysis, but serves solely to determine plausible ranges for the minimum level of utilisation of 
public charging infrastructure. 
The level of utilisation of charging stations can be defined as: 
 = 24ℎ/							(1.2) 
With td [h/d] being the daily time in use of the facility. 
The profits p[€/a] that need to be generated yearly by the facility, in order to uniformly pay back 
the initial capital investment, as well as interest payments (which can be interpreted as 
opportunity costs of capital when own capital is used), can be calculated by (Götze and Bloech, 
2004) : 
 =  ∙ (1 + ) ∙ (1 + ) − 1 
c [€] : initial capital investment   
i [%] : interest rate of loan / interest rate to model opportunity costs 
ta[a] : time to repayment of loan / time period of amortisation 
Also taking into account yearly tax deductions by depreciation allowances d [€/a], which is usual 
for amortisation calculations (Götze and Bloech, 2004, Kruschwitz, 2005) leads to: 
 =  ∙ (1 + ) ∙ (1 + ) − 1 − 					(1.3) 
We assume that the profits from a charging station are generated by a price mark-up m [€/kWh] 
on the normal price of electricity per kWh. The profits pa that a charging station actually 
generates per year depend on the (average) daily time in use td [h] and the power of the station pi 
[kW]: 
! =  ∙ " ∙  ∙ 365 %⁄ 							(1.4) 
We demand that the profits actually generated must be at least as high as the profits necessary for 
the amortisation, so ! ≥ ,  which using (1.3) and (1.4) leads to: 
 ∙ " ∙  ∙ 365 	 %⁄ ≥ 	 ∙ (1 + ) ∙ (1 + ) − 1 − 							 
The formula can be converted to calculate the minimum daily usage duration:   
 ≥  ∙
(1 + ) ∙ (1 + ) − 1 − 	" ∙  ∙ 365 %⁄   
Inserting this into (1.2) finally leads to a formula to calculate the minimum level of utilisation:  
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 ≥	  ∙
(1 + ) ∙ (1 + ) − 1 − 	" ∙  ∙ 365 %⁄  ∙ 24ℎ/							(1.5) 
The values of these parameters are set as follows: 
• c : initial capital investment [€]: The values stated in (Kley et al., 2010) are taken. These 
values include the costs for the charging stations themselves, as well as installation and 
maintenance costs. According to this article, a public charging station costs 4,050-10,450 € for 
charging powers of 11 and 22 kW and 7,850 – 17,000 € for fast charging stations with 44 kW 
power. The case of 3.6 kW public charging stations is not considered here. This is because 
such charging stations cost only little less, but can distribute considerably less energy over a 
day for their amortisation. 
• i: interest rate of loan / interest rate to model opportunity costs of capital [€]: For our 
calculation, we assume that the company’s own capital is invested. We model opportunity 
costs of capital by taking the EnBW AG’s annual Return on Capital Employed (ROCE) 
indicator of 11.7 % (EnBW Energie Baden-Württemberg AG, 2011) as the interest rate.  
• ta : time period of amortisation [a]: For the desired amortisation period we assume 6-8 years, 
based on a life span of about 8 years for CSs (Negre and Legrand, 2011). 
• d : depreciation allowance per year [€/a]: In Germany, the fixed service life of electric supply 
equipment for depreciation allowances is 19 years (Bundesministerium der Finanzen, 2000). 
A linear depreciation is applied here, so  = /19%. 
• m : mark-up on the normal price of electricity per kWh [€/kWh]: According to Kley et al. 
(2010), mark-ups of 1.0 to 13.2 c€ per kWh are realistic. A simple calculation shows that, at a 
gasoline price of 1.50€/l and a consumption of 6l/100km, as well as a base price of 25 
c€/kWh for electricity and a consumption of 25 kWh/100km for EVs, the mark-up of a kWh 
should not exceed 11.0 c€. Because then the operation of an EV (with only public recharging) 
would be more expensive than that of a conventional vehicle. Thus, we calculate with 
moderate mark-ups m of 2.5 to 7.5 c€ 
• pi : charging power of public charging station of type i [kW]: For public charging stations 
we consider the cases of 11, 22 and 44 kW charging power (also see above, and compare 
Nationale Plattform Elektromobilität, 2010). 
Figures 3-5 show the minimum level of utilisation necessary for amortisation, for charging 
powers pi of 11, 22 and 44 kW and different combinations of initial capital investment c,  mark-up 
m and time of amortisation ta. The results show what has already been indicated in other 
publications (Kley et al., 2010; Ruschmeyer; 2010, Engel, 2011): the economic feasibility of a public 
charging infrastructure for EVs is uncertain. In unfavourable scenarios, charging stations would 
have to reach levels of utilisation of as high as 82 (for 11kW), 41 (for 22kW) or 33 (for 44kW) 
percent to reach an amortisation of the costs. This would mean being in use for 19 h 20 min, 9 h 
36 min, and 7 h 55 min on an average day. Such high rates of utilisation are hardly achievable in 
practice. But the calculations also show that utilisation rates of 4-8% can be sufficient, if 
investment costs are kept low and a good pricing policy is applied. This would correspond to a 
daily usage duration of 58 min to 1 h 55 min. 
Comparing the calculations for the different charging powers, it can also be seen that in the 
business model assumed here (making profits by adding a mark-up on the basic electricity costs), 
charging stations with high charging power are easier to operate economically: more EVs can be 
served daily, while the investment costs are not necessarily higher. 
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Figure 3. Minimum utilisation Ui of a charging station for charging power pi=11kW and different 
combinations of parameters c, m, and ta  
 
 
 
 
 
 
Figure 4. Minimum utilisation Ui of a charging station for charging power pi=22kW and different 
combinations of parameters c, m and ta  
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Figure 5. Minimum utilisation Ui of a charging station for charging power pi=44kW and different 
combinations of parameters c, m and ta  
4.3. Determining quotas for public charging stations per EV 
Based on the above analysis of the levels of utilisation necessary for the amortisation of the 
infrastructure cost, we now proceed to calculate quotas of charging stations per EV. For this we 
use the formula already stated in Section 4.1.: 
 = 1,2 ∶ 						 	 = 	 
 ∙  ∙ 24ℎ ∙
 							(1.1) 
Figures 5 and 6 show the quota Ci/V as a function of the level of utilisation Ui and the percentage 
of energy recharged Ri. Four different cases are shown: private vehicles and business fleet 
vehicles combined with 22 and 44 kW stations (charging power pi). For private vehicles, we 
assume an energy consumption e of 0.228 kWh/km, and a daily driven distance d of 36.1 km per 
day (also see discussion of parameters above). For business vehicles we calculate with an energy 
consumption of 0.46 kWh/km and a daily driven distance of 64.2 km per day. The interval for the 
value Ui is chosen according to the results obtained for different charging powers in the above 
analyses (see Figures 4 and 5). The percentage of energy recharged Ri is assumed to lie within the 
broad interval of 1-15% in all cases. 
 
  
Figure 6. Quotas Ci/V for private vehicles and 22kW (left) and 44kW (right) charging stations  
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Figure 7. Quotas Ci/V for business fleet vehicles and 22kW (left) and 44 kW (right) charging stations  
 
As already discussed above, very high levels of utilisation Ui will probably be hard to achieve in 
practice. Therefore investments and pricing should be adjusted in such a way as to not require 
high levels of utilisation. The percentage of energy recharged at public charging stations Ri 
should not be overestimated either. This value might well lie below 5%. So in practice, both Ui 
and Ri can be assumed to lie within the lower ranges of the considered intervals. This would 
correspond to values lying in the father corner of the diagrams in Figures 6 and 7.  
The quotas we calculated this way are significantly lower than the estimated quotas given in 
many political EV infrastructure plans (Groupe de Travail sur les Infrastructures de recharge 
2009; Mayor of London 2009a; Nationale Plattform Elektromobilität 2011). This is probably due to 
the fact that we introduced a minimum tolerable utilisation of the infrastructure into our 
calculation.    
4.4. Allocating charging infrastructure in space 
The above derivations allow calculating the needed number of charging stations for a given 
number of EVs. In the final modelling step, these charging stations are allocated in space. This is 
done by distributing the demand for charging infrastructure that arises within a given 
municipality from the EVs of residents and fleets among the surrounding municipalities. This 
distribution is performed according to inter-municipal mobility behaviour. As data for the 
mobility on a regional scale, commuter data from the Statistisches Landesamt Baden-
Württemberg was used (Baden-Württemberg Statistisches Landesamt, 2009). This data allowed 
simulating the cruising radius of EV drivers, and the mobility-related connectivity of 
municipalities. The data set contains the number of commuters that travel from one municipality 
to another for all pairs of municipalities in Baden-Württemberg. A possible alternative would 
have been to compute trips based on land-use data using a trip generation and distribution 
model (Ortúzar and Willumsen, 2010). For allocating the different kinds of charging stations at 
home, at working locations and in public space the following schemes were used. 
• Charging stations at home: The charging stations are located at the places of residence (i.e. 
the municipality of residence). For our model we assume that no need for home charging is 
induced by EVs used in business fleets. 
• Charging stations at places of work: For EVs used by enterprises, the charging stations are 
placed at the location of the enterprise. For private users of EVs the demand is distributed 
among the surrounding municipalities according to commuter data. The number of charging 
stations in a working place context allocated to a municipality by private EV drivers is 
computed by: 
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Cjw: number of CSs at working places allocated to municipality j 
xi j: number of commuters travelling from municipality i to municipality j 
Mi : number of CS at working locations needed by EVs of municipality i  
This can be interpreted as a distribution according to probabilities. The probability that an EV 
owned in municipality i recharges at a working place at municipality j is assumed to 
corresponds to the number of commuters driving from i to j divided by the total number of 
commuter leaving municipality i. 
• Charging stations at public locations: The public charging stations are distributed according 
to inter-municipal mobility data. Because no more refined mobility data was available on the 
regional scale of the model, commuter data was used (also see discussion below). For 
allocating the need for public charging stations in space, two modelling possibilities were 
implemented: The first possibility is to distribute the need for public recharging according to 
the commuters flows as was done above. The second possibility is to distribute the need for 
public charging that arises from the EVs of a given municipality only to other municipalities. 
This is based on the reasoning that EV drivers only make use of public charging 
infrastructure when they are on longer trips outside of their hometown municipalities. The 
formula for distributing public charging stations among the municipalities of the region in 
this case is: 
)5 = + ,- .)∑ 	.012345!678	0 	 ∙ ;:12345!678	  
Cjp: number of CSs at public places allocated to municipality j 
xi j: number of commuters travelling from municipality i to municipality j 
Ni : number of CSs at public locations needed by EVs of municipality i  
For quantifying the number of CSs needed at work and public locations, the EVs which drive into 
the region from outside were also included. For this, the development of EV ownership in the 
municipalities lying outside of the region was modelled to progress as in the average of the 
region (concerning number of EVs per inhabitant).  
5. Simulation results  
In this section we present selected simulation results of our model. Three scenarios of charging 
infrastructure development in the Region Stuttgart until 2020 are shown.  In the first scenario, we 
simulate the development for plausibly moderate levels of utilisation and public recharging. 
Because the resulting number of public charging stations is quite low, we simulate the 
development with higher charging station quotas in scenario 2. In scenario 3, we check, whether 
a change in the mobility model used results in significant changes in the simulation outcome. 
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5.1 Baseline scenario for the development of charging infrastructure 
For our baseline scenario, the development of EV ownership is simulated as explained in Section 
3.2 in accordance with the targets stated by the German national plan of EV development 
(Bundesregierung der Bundesrepublik Deutschland, 2009).  
For calculating the quotas Ci/V for charging infrastructure, we assume the parameters and 
resulting quotas listed in Table 2. (also compare discussion of parameters above). Utilisations of 
8.33 and 12.5 % correspond to 2 and 3 hours of minimum daily use. For charging stations at 
working places and homes, we use directly estimated quotas as explained in Section 4.1.). For this 
scenario, it was simulated that the need for public recharging arises only outside of the home 
municipality of EV drivers (see Section 4.4). 
Table 2. Parameters and resulting quotas used for different EV users and CS types in the 
baseline scenario 
EV users e [kWh/km] d [km] Ri [%] CS types  
(pi [kW]) 
Ui [%] Resulting 
quota: Ci/V 
Private users 0.228 36.1 2.5 44 kW public 
fast charging 
12.5 0.0016 
0.228 36.1 7.5 22 kW public 
charging 
8.33 0.0140 
/ / / at working 
locations 
/ 0.2000 
/ / / at home / 0.9500 
Business fleet 
users 
0.46 64.2 2.5 44 kW public 
fast charging 
12.5 0.0056 
0.46 64.2 2.5 22 kW public 
charging 
8.33 0.0168 
/ / / at working 
locations 
/ 1.0000 
/ / / at home / 0.0000 
 
The simulation results can be seen in Figure 8. For the 35 001 EVs of the region and those driving 
in from outside, there are a total of 38 691 CSs. Of those, 21 851 (56%) are located at homes of EV 
owners, 16 268 (42%) at businesses, 478 (1.2%) in public spaces for normal 22 kW recharging, and 
94 (0.2%) in public locations for fast 44 kW charging. The entire proportion of public CSs of 1.4 % 
is so small that it is hardly visible in Figure 8. The simulation shows that CSs at homes and 
working places will mainly be located in the bigger municipalities of the region. 
Figure 9 shows the spatial distribution of only those charging stations placed at public locations. 
It is clearly visible that the demand for public charging is only high enough to warrant the 
installation of such infrastructure in the biggest municipalities.  
Looking at the development of the number of CSs over time (lower left in Figures 8 and 9), it can 
clearly be seen how the exponential character of the diffusion of EV technology is manifested in 
the growth of the charging infrastructure. Development begins quite slow in the first years, but 
begins to accelerate after a critical mass of EVs has been reached around 2015.  
The total number of public charging stations this simulation run yields is rather low, even though 
we used plausible parameters in the middle range. In the following, we present further scenarios 
with higher quotas for public CSs. 
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Figure 8. Development of charging infrastructure until 2020 in the baseline scenario 
 
 
Figure 9. Development of public charging infrastructure until 2020 in the baseline scenario 
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5.2. Scenario with higher quotas for public charging infrastructure 
In this and the following scenario, we focus solely on public charging infrastructure. In this 
scenario we use more optimistic (but still plausible) values for Ui and Ri, than in the first case. 
This leads to higher quotas and a thus an overall higher number of charging stations. The chosen 
parameters are listed in Table 3. We calculate with a higher percentage of energy publicly 
recharged, and lower necessary utilisation of public charging stations. Utilisation rates of 4.16 
and 8.33 percent correspond to 1 and 2 hours of daily use. 
Table 3. Parameters and resulting quotas used for different EV users and public CS types in 
the “higher quotas”-scenario 
EV users e [kWh/km] d [km] Ri [%] CS types   (pi 
[kW]) 
Ui [%] Resulting 
quota: Ci/V 
Private users 0.228 36.1 3 44 kW public 
fast charging 
8.33 0.0028 
0.228 36.1 12 22 kW public 
charging 
4.16 0.0449 
Business fleet 
users 
0.46 64.2 5 44 kW public 
fast charging 
8.33 0.0168 
0.46 64.2 5 22 kW public 
charging 
4.16 0.0672 
 
The results of the simulation for 2020 can be seen in Figure 6. With the higher quotas, there are 
1,918 public CSs for 35,011 EVs within the Region Stuttgart, and those driving in from the 
outside. Of these CSs, 1,678 are stations with 22 kW charging power, and 240 are fast 44 kW 
charging points. Though the overall number of CSs is higher in this scenario, the spatial pattern 
of public EV infrastructure demand stays unchanged. The bigger part of the CSs is allocated to 
the biggest urban centres of the region. But since the overall demand is higher, it also becomes 
worthwhile to install public CS in smaller peripheral municipalities 
5.3. Scenario with a different spatial usage of public charging infrastructure 
As explained in Section 4.4., two model variants of the spatial use of charging infrastructure were 
implemented. In the first model, it is assumed that EV drivers recharge their vehicles at public 
CSs only when they are driving outside their hometown municipalities. This model was used in 
the above scenarios. Now, for the scenario presented here, the second model is used, in which EV 
drivers also recharge at public CS within their hometown municipalities. Such a usage pattern 
would for instance occur when people own an EV but do not dispose of a private charging 
station for themselves at home. Apart from this change, the parameters were left as they were set 
for the previous scenario 2.  
The results for the year 2020 can be seen in Figure 11. The total number of charging stations of 
1,971, with 1,724 of 22 kW and 274 of 44 kW charging power  is slightly higher. This might be due 
to the EVs driving out of the region needing more public infrastructure in their hometown 
municipalities than before. The overall results indicate the same here: demand for public 
charging occurs mainly in the biggest urban centres. However, a slight change of emphasis take 
place in this scenario. When comparing the results of this scenario with those of the previous 
scenario, it can be noticed that the different CS usage profile results in more public charging 
stations being allocated to the big cities surrounding the central city of Stuttgart.  
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Figure 10. Development of public charging infrastructure until 2020 in the “higher quotas” scenario 
 
 
Figure 11. Development of public charging infrastructure until 2020 in the “different spatial usage” 
scenario 
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6. Conclusion: general implications for the long-term installation of public 
charging infrastructure 
The main finding of our analysis is that the number of charging stations needed to provide a 
public charging service to a region is quite low. Our scenarios show that 600 to 2000 public 
charging stations placed in central city locations are sufficient for a large region such as the 
Region Stuttgart. If much more infrastructure is installed, it is bound to be under-utilised and 
thus cannot be operated economically.  
A general trend can be observed in all three of the scenarios discussed above: demand for public 
EV charging arises mainly in the biggest urban centres of the region. Thus, the installation of 
public CSs should focus on central regional cities in the next few years. This approach combines 
two main advantages. Firstly, the number of potential adopters is high in these cities (see Figure 
2). These might be convinced to buy an EV, when they see public EV charging infrastructure 
being deployed in their city. Secondly, such cities attract many drivers from the surrounding 
municipalities, who come to work, shop and for recreational activities.  
The installation of charging infrastructure has to be planned several months or years in advance. 
But precisely forecasting the growth of EV ownership is difficult at the moment. The temporal 
development of EV ownership, as our model and many others project it, starts slowly but gains 
high momentum within a few years. This progression is typical for the diffusion of new products. 
Diffusion usually starts in an exponential growth, which only looses momentum after the 
product has reached the mass market. This results in the typical S-shaped diffusion curve. In 
order to keep track of EV market development, statistical data on new vehicle registrations 
should be evaluated regularly, and the announcements of EV manufacturers concerning the 
commercial launch of vehicles followed closely. Even though demand for public recharging can 
be expected to be low within the next few years to come, stakeholders wanting to take part in the 
future business of EV infrastructure should get involved in installing CSs as soon as possible. 
This will provide them an advantage regarding experience and know-how once the need for 
public recharging starts to rise dramatically.   
Our model indicates that economic installation and operation of public charging infrastructure is 
only feasible in dense urban areas. However, if public charging stations are only available within 
the biggest cities in the long-term, EV drivers might severely be limited in their mobility. Alike to 
other kinds of infrastructure such as public transport, there seems to be a conflict between the 
provision of a public service to areas urban and rural alike, and the profitability of the service. 
7. Outlook: improvements and extensions of the model 
The model presented in this paper allows simulating the development of a charging 
infrastructure for EVs on a regional scale under different assumptions. It consists of several 
subcomponents which simulate the time-spatial development of EV ownership, the mobility of 
EVs between the municipalities of the region, and the number of charging stations required by a 
given number of EVs. This modular structure provides possibilities for several enhancements. 
Individual modules can easily be refined, without having to reimplement the entire program. In 
the following, we discuss several refinements we are planning to realize in the future.  
The electric vehicles we modelled in this work are (pure) battery electric vehicles. However, plug-
in hybrid vehicles will also use charging infrastructure in the future, even though they are not 
dependent on it. Plug-in hybrids could be integrated into the model as a separate product, 
concerning ownership and diffusion, with possibly different recharging behaviour, or 
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incorporated indirectly by determining the parameters of the model that would result by a mixed 
fleet of pure and plug-in hybrid EVs.   
In our model, the time-spatial development of EV ownership was simulated using the established 
Bass model for the diffusion of innovations. Several assumptions had to be made to generate a 
projection of the development in the next ten years. When more data on the actual development 
of EV sales is available, our model can be recalibrated to better forecast this long-term 
development. Beyond this mere recalibration, it is also envisioned to extend the model to 
incorporate a positive reinforcement between the number of owned EVs and the number of 
available charging stations. As it is currently modelled, the necessary number of CSs is deduced 
from the number of EVs. However, an inverse influence is also to be expected. Potential adopters 
will be more willing to buy an EV, when they see charging stations being installed in their 
surroundings. Such kinds of effects were already modelled in system dynamics models (Struben 
and Sterman, 2008, Wansart and Schnieder, 2010, Yamashita et al., 2011).     
We calculated the number of charging stations that is needed by a given number of EVs using a 
formula. The parameters of this formula can be readjusted as more viable information becomes 
available within the next years. It is especially interesting to integrate more reliable data on the 
utilisation and profitability of charging stations, which can be expected as a result of many pilot 
projects that are currently taking place all over the world. Our current model version keeps the 
quotas of CSs per EV constant over the simulation run. It is planned to adjust the model in such a 
way as to have quotas which change over the years. 
The mobility of EVs between municipalities is modelled here using data on commuter flows. A 
more elaborate traffic model can be used instead. This allows simulating the differing traffic 
generated by diverse user groups (early adopter types, fleet users etc.) and different activities 
(driving to work, shopping, recreation etc.). Additionally, such a traffic model can incorporate 
more sophisticated models of recharging activities (charge when battery is 80 % depleted etc.). 
This can provide further insights concerning a prospective utilisation of charging infrastructure.    
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